OBJECTIVE-To study insulin sensitivity and perfusion in skeletal muscle together with the ␤-cell function in subjects with the m.3243AϾG mutation in mitochondrial DNA, the most common cause of mitochondrial diabetes. These patients included five subjects with no diabetes as defined by the oral glucose tolerance test (OGTT) (group 1), three with GHb Ͻ6.1% and newly found diabetes by OGTT (group 2), and seven with a previously diagnosed diabetes (group 3). Control subjects consisted of 13 healthy individuals who were similar to the carriers of m.3243AϾG with respect to age and physical activity. ␤-Cell function was assessed using the OGTT and subsequent mathematical modeling.
I
mpaired insulin sensitivity characterizes adult-onset diabetes and has been attributed to decreased insulin-stimulated glucose uptake in major metabolic tissues such as skeletal muscle, liver, and adipose tissue (1, 2) . It predicts diabetes strongly in subjects with high hereditary risk (3) . Decreased glucose uptake in skeletal muscle is the major determinant of impaired insulin sensitivity, because skeletal muscle is the tissue that accounts for the majority of insulin-stimulated glucose uptake in diabetes and in nondiabetic subjects (4) . Impaired insulin sensitivity has been correlated with decreased mitochondrial function and with decreased expression of genes involved in mitochondrial oxidative phosphorylation in skeletal muscle (5, 6) . Interestingly, similar findings in oxidative phosphorylation have recently been made in healthy insulin-resistant subjects with high hereditary predisposition for diabetes (7) .
In addition to the impaired insulin sensitivity, a gradual ␤-cell failure is pivotal to the onset of diabetes in adulthood (8, 9) . It is noteworthy that most gene variants associated with adult-onset diabetes influence the ␤-cell insulin secretion (10) . Genes that contribute to mitochondrial oxidative phosphorylation are located both in the nuclear DNA and in the maternally inherited mitochondrial DNA (mtDNA) (11) . Intrinsic or acquired causes that could impair oxidative phosphorylation in the mitochondrion have been proposed to impair both skeletal muscle insulin sensitivity and ␤-cell function (12, 13) .
The involvement of mtDNA mutations in the hereditary forms of diabetes is evident (14, 15) . The mtDNA m.3243AϾG mutation accounts for 1-2% of adult-onset diabetes, and it has been estimated that most carriers of this mutation develop diabetes during their adulthood (16) . This renders the m.3243AϾG mutation an interesting pathogenic model for decreased mitochondrial function in adult-onset diabetes. The m.3243AϾG mutation is heteroplasmic, i.e., the mutant allele and the wild-type allele co-occur in mitochondria, and the proportion of mutated mtDNA varies across patients and tissues (11) . The heteroplasmy is known to modify the phenotype in patients with m.3243AϾG (17) , but previous studies on glucose metabolism have not included mutation heteroplasmy as a variable. Furthermore, such studies have been small, so that more than four subjects with m.3243AϾG have been examined in only a few of them (18 -24) . Most of these studies have revealed defects in insulin secretion (18 -21,24) . Hyperinsulinemic clamp technique has been applied in only two previous studies on m.3243AϾG subjects, but these studies could not identify peripheral insulin resistance as the primary pathogenic factor (18, 19) .
The aims of this study were 1) to characterize insulin secretion and sensitivity in patients with a substantial m.3243AϾG mutation load and in age-matched healthy subjects, and 2) by using this disease model, to further enlighten the role of mitochondria in the pathogenesis of diabetes. We assessed whole-body glucose uptake by using the hyperinsulinemic clamp technique together with regional measurements of muscle perfusion and glucose uptake by positron emission tomography (PET). Modelbased analysis of ␤-cell function was carried out, and measurements were correlated with mutation heteroplasmy.
RESEARCH DESIGN AND METHODS
Fifteen patients with the m.3243AϾG mutation, most ascertained in a previous epidemiological study (25) , and 13 healthy control subjects were recruited. It was required that the m.3243AϾG mutation heteroplasmy was Ͼ10%. Eight patients had previously normal fasting glucose (group 1 and 2), and seven patients had overt diabetes (group 3). The control subjects had normal glucose tolerance. In the case of the control subjects, it was also required that no diabetes was present in the first-degree relatives before the age of 55 years. All subjects were Finnish and in stable weight for the last 3 months before the study. Written informed consent was obtained after the purpose, nature, and potential risks were explained to the subjects. The study was approved by the Ethics Committee of the Turku University Hospital.
Each subject underwent an oral glucose tolerance test (OGTT) on the first study day and indirect calorimetry and hyperinsulinemic-euglycemic clamp on the second study day. Skeletal muscle glucose uptake and perfusion measurements using PET and 2-[
18 F]fluoro-2-deoxyglucose and [ 15 O]H 2 O were performed during the hyperinsulinemic-euglycemic clamp. All subjects were instructed to avoid caffeine, smoking, alcohol, homeopathic preparations, and changes in diet or in physical activity for 2 days before the study. All studies were conducted after a 10-h fast and insulin cease. Metabolically active substances except thyroid hormone were discontinued at least 24 h before the studies (Table 1) . Physical activity was assessed by a physical activity questionnaire (International Physical Activity Questionnaire [IPAQ]) (26) . OGTT and assessment of ␤-cell function. Subjects ingested 75 g glucose, and blood samples were collected for glucose, insulin, and C-peptide at 0, 15, 30, 60, 90, and 120 min. The insulinogenic index (IGI), the ratio of the rise of the insulin and glucose concentrations over basal level at 30 min, and the ratio of insulin and glucose areas under the curve (AUCs) using trapezoidal integration (AUC I /AUC G ) were calculated. Mathematical modeling based on C-peptide deconvolution (27) was used to describe insulin secretion as the sum of two components as previously stated (28) . The first component, S g (t), represents the dependence on insulin secretion in absolute glucose concentration (G) at any time point and is characterized by a dose-response function, f(G). The slope of f(G) in the observed glucose range is denoted as ␤-cell glucose sensitivity. The dose-response function is modulated by a timedependent potentiation factor, P(t), accounting for several modulators of insulin secretion (e.g., exposure to hyperglycemia, nonglucose substrates, and gastrointestinal hormones); thus, S g (t) ϭ P(t)f(G). The increment of potentiation during the OGTT was quantified as the ratio of the value of P(t) at the end of the test to that at baseline. The second insulin secretion component, S d (t), represents a dynamic dependence of insulin secretion, proportional to the rate of change in glucose concentration. This proportionality constant is termed rate sensitivity and is related to early insulin release (28 
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Hamacher et al. (30) . The specific radioactivity at the end of synthesis was better than 70 GBq/mol, and the radiochemical purity exceeded 98%. Image acquisition and hyperinsulinemic-euglycemic clamp. Subjects were lying in the supine position during the PET study. At 0 min, a standard primed hyperinsulinemic-euglycemic clamp (31) was started for at least 220 min using 1 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 intravenous insulin infusion. Normoglycemia was maintained using variable rates of 20% glucose infusion, adjusted according to plasma glucose. At 50 min, [ 15 O]H 2 O (0.5-0.8 GBq) was injected in over 30 s, and femoral muscle perfusion was measured with a dynamic 6-min scan (6ϫ 5 s, 6ϫ 15 s, and 8ϫ 30 s frames). To obtain the input function, radioactivity was measured with a channel detector in arterial blood, withdrawn with a pump at the rate of 6 ml/min. At 120 min, [ 18 F]FDG (0.23-0.29 GBq) was injected over 15 s, and a dynamic scan was started at 200 min (frames 6ϫ 300 s). One of the subjects in group 1 failed to lie still during the skeletal muscle glucose uptake measurement, and the data were not obtained. Arterial blood samples were drawn after the [
18 F]FDG injection, and radioactivity was assessed with an automatic gamma counter. All the images were acquired with a PET scanner that gives 35 transaxial planes with axial resolution of 4.7 mm and in-plane resolution of 5.5 mm. The PET scanner and other devices were cross-calibrated. Measurement of skeletal muscle perfusion and glucose uptake. Radioactivity was corrected for decay to the injection and expressed in kilobecquerels per milliliter. An autographic method was applied to calculate muscle perfusion pixel by pixel (32 The whole-body oxygen consumption and the carbon dioxide production was measured in the fasting state with an open-system indirect calorimeter in a quiet, dimly lit room. Resting energy expenditure was calculated from a 10-min period after 20 min of initial stabilization (34) . Measurement of the m.3243A>G mutation heteroplasmy. A buccal epithelial cell sample was obtained from all the subjects (Table 1) . The mutation heteroplasmy in skeletal muscle was available for 12 of the 15 patients with m.3243AϾG (25) . The m.3243AϾG mutation was detected by cleavage of an amplified DNA fragment with the restriction enzyme Apa I. The digested samples were electrophoresed, and the acrylamide gel was dried and autoradiographed. The reproducibility was controlled by including, in each electrophoresis run, a sample with the m.3243AϾG mutation (25) . Biochemical analyses. Plasma glucose was determined with a glucose oxidase method. Plasma insulin and plasma C-peptide were assessed by electrochemiluminescense immunoassay technique. Plasma creatine kinase was determined with enzymatic method. Blood glycated hemoglobin was measured with ion-exchange high-performance liquid chromatography. Serum free fatty acid concentrations were measured via an enzymatic colorimetric method. Statistical methods. The results are expressed as means Ϯ SE. Before analysis, the normality of variables was assessed by the Shapiro-Wilk test. The differences among the group were identified using one-way ANOVA and Tukey-Kramer post hoc procedure. Kruskall-Wallis nonparametric test was used for group comparisons in continuous variables that were not normally distributed. Post hoc tests were carried out by using Mann-Whitney U test, and P values were corrected for multiple comparisons by the Benjamini-Hochberg method (35) . A P value of Ͻ0.05 was considered statistically significant. Linear correlations were assessed with Spearman's correlation coefficients.
RESULTS

Subject characteristics.
Patients with m.3243AϾG were divided into three groups based on the OGTT (Table 1) . Group 1 consisted of patients with either normal or impaired glucose tolerance in OGTT (n ϭ 5). Patients in group 2 had newly diagnosed diabetes that was detected on the basis of high 2-h glucose in OGTT (n ϭ 3). Group 3 patients were all treated for diabetes that had been diagnosed previously (n ϭ 7). The three patient groups and the control subjects were similar in age, physical activity, and resting energy expenditure (Table 1) . Furthermore, the fasting plasma concentrations of C-peptide, uric acid, creatine kinase, and serum free fatty acids were similar in the four groups. Insulin secretion and ␤-cell function. All of the eight subjects in groups 1 and 2 had good glycemic control (GHb Ͻ6.1%). During the first 30 min of the OGTT, absolute glucose, insulin, and C-peptide concentrations were identical in the control subjects and in group 1 patients, but at 120 min, plasma glucose was significantly higher in group 1 patients and the insulin levels tended to surpass those seen in the control subjects (Fig. 1) . As a consequence, the IGI and the rate sensitivity did not differ between these two groups ( Table 2 ). These two parameters describe the rapid response of insulin secretion on the dynamic change in glucose levels. Group 2 patients had the highest basal insulin secretion rate, but the response to glucose load was blunted as the decreased IGI indicated ( Table 2) .
The subjects in group 3 fulfilled the criteria for diabetes both in the fasting state and at 2 h in OGTT. Group 3 patients had significantly lower insulin and C-peptide already at 15 min of the OGGT than the control subjects (Fig. 1) . In consequence, the IGI was lower and the rate sensitivity was strongly impaired compared with the control subjects and group 1 patients (Fig. 2) .
In addition to the impaired rate sensitivity in group 3 patients, a mathematical modeling revealed that the ␤-cell glucose sensitivity was significantly lower in group 2 and 3 patients than in the control subjects (dose-response function; Fig. 2 ). Furthermore, a low end period-to-start period potentiation ratio was seen in group 3 patients compared with the control subjects. Disposition index was calculated by multiplying rate sensitivity with the wholebody glucose uptake. It was similar in group 1 patients and the control subjects, lower in group 2 patients than in the control subjects, and significantly lower in group 3 patients than in the control subjects or group 1 patients (Table 2 ). These results imply that group 2 and group 3 patients were not able to raise their insulin secretion during the OGTT in a similar manner as the control subjects did. Muscle glucose uptake and perfusion during the hyperinsulinemic clamp. During the insulin infusion, euglycemia was maintained in all groups with no differ- ence in the glucose or insulin concentrations. The rate of insulin-stimulated glucose uptake was twofold higher in the femoral skeletal muscle per unit tissue weight in the control subjects than in group 1, 2, and 3 patients with m.3243AϾG (Fig. 3) . Consequently, the whole-body glucose uptake (M value) measured as the glucose disposal rate was significantly lower in group 3 patients (Table 2) and in the patients with no previously diagnosed diabetes than in the control subjects (pooled groups 1 and 2 vs. control subjects, P ϭ 0.030). A covariance analysis was carried out to adjust for the variation in BMI between the study groups. Analysis of the BMI-adjusted data did not change the reported differences in the means of the skeletal muscle and whole-body insulin sensitivity or in the means of ␤-cell rate and glucose sensitivity (data not shown). Femoral muscle perfusion per tissue weight was similar in all groups (Fig. 4) , suggesting that muscle insulin resistance was caused by decreased glucose extraction rate in the patients with m.3243AϾG compared with the control subjects (Fig. 4) . Heteroplasmy of the m.3243A>G mutation. Each subject in groups 1, 2, and 3 harbored at least 19% of the m.3243AϾG mutation in buccal epithelium or skeletal muscle. The mutation heteroplasmy in buccal epithelium and skeletal muscle showed a good correlation (r ϭ 0.66, P ϭ 0.019). AUC I /AUC G showed best negative linear correlation with mutation heteroplasmy in skeletal muscle (Fig. 5) . This correlation was significant even if the patients with previously diagnosed diabetes (group 3) were excluded (r ϭ Ϫ0.71, P ϭ 0.02). Also, other parameters of insulin secretion-IGI, glucose sensitivity, and rate sensitivity-showed a significant negative linear correlation (r ϭ Ϫ0.66, P ϭ 0.02; r ϭ Ϫ0.81, P ϭ 0.001; and r ϭ Ϫ0.57, P ϭ 0.05, respectively) with mutation heteroplasmy in skeletal muscle. A negative linear correlation between rate sensitivity and heteroplasmy in buccal epithelium was also found (r ϭ Ϫ0.54, P ϭ 0.04). The whole-body or skeletal muscle glucose uptake as well as the basal insulin secretion did not show significant relationship with the mutation load in the m.3243AϾG carriers.
DISCUSSION
We found insulin resistance in the skeletal muscle already in the early phase of glucose intolerance in subjects harboring the m.3243AϾG mutation. The dynamic ␤-cell response was impaired in those mutation carriers who had Patients with m.3243A>G mutation: z, group 1; t, group 2; and f, group 3. The apparently high rate sensitivity in group 1 is partly due to the higher insulin sensitivity in the control subjects, because rate sensitivity tends to be inversely correlated with insulin sensitivity (see Table 2 for respective disposition index). B: Glucose sensitivity is the insulin dose-response function to absolute glucose level during OGTT. Comparisons between groups were made when overall P Ͻ 0.05. A P value for significant pairwise differences is given. *P Ͻ 0.01 vs. healthy subjects. †P Ͻ 0.05 vs. healthy subjects. ‡P Ͻ 0.05 vs. group 1. §Insulin sensitivity per body surface area multiplied with insulin secretion response to dynamic change in glucose per body surface area (rate sensitivity). ¶P Ͻ 0.01 vs. group 1.
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good glycemic control and no history of diabetes but who had diabetes in OGTT. On the other hand, the ␤-cell response was markedly decreased in patients with previously diagnosed diabetes. We also demonstrated a correlation between insulin secretion and mutation heteroplasmy. This study showed that the skeletal muscle insulin sensitivity is decreased in adult subjects with the m.3243AϾG mutation. The decrease was similar in subjects with and without overt diabetes, and it resembled that found in patients with newly diagnosed type 2 diabetes (29) . The use of [
18 F]FDG and PET enabled us to measure glucose uptake directly in the skeletal muscle. Importantly, glucose uptake in muscle measured by this method is not affected by uptake in the liver or adipose tissue, whereas such measurements based on whole-body glucose disposal rate are (33) . A standard hyperinsulinemic clamp technique has been used in two previous studies, both including fewer subjects with m.3243AϾG than the present study. In one study (18) , seven mutation carriers had lower insulin sensitivity than the control subjects. However, the authors concluded that peripheral insulin resistance did not seem to precede diabetes, even if three of the four subjects with no diabetes had insulin sensitivity lower than the mean of the control subjects. In the other study (19) , slightly low M values but within normal range were reported in eight m.3243AϾG patients with diabetes and one with impaired glucose tolerance. However, it is difficult to deduce the contribution of the m.3243AϾG mutation to insulin sensitivity from the previous studies, because the mutation heteroplasmy of the subjects has not been reported.
The prevalence of m.3243AϾG has been suggested to be 16 in 100,000 (25) , making the recruitment and characterization of these patients challenging. Besides sensorineurinal hearing impairment (Table 1) , myopathy and exercise intolerance are rather frequent features among patients with 3243AϾG (36) . In this study, a structured interview on physical activity (IPAQ) did not reveal differences in daily physical activity between the patients and the control subjects. However, we cannot exclude that the patients (37) . However, we found that the perfusion was normal in skeletal muscle at rest, suggesting no major participation of endothelial function in the insulin resistance in patients with m.3243AϾG (Fig. 3) .
The m.3243AϾG mutation affects the oxidative phosphorylation and ATP production (38) , but it is unclear how mitochondrial dysfunction could induce insulin resistance in skeletal muscle. Maximal oxidative capacity (Vo 2max ), reflecting oxidative phosphorylation, correlates with insulin sensitivity in nondiabetic sedentary subjects (38) . Vo 2max is also decreased in patients with various mtDNA mutations at high heteroplasmy levels in skeletal muscle (39) . However, we did not find a correlation between skeletal muscle glucose uptake and m.3243AϾG mutation heteroplasmy, suggesting that other factors than the rate of oxidative phosphorylation might contribute. Low ATP production and abnormal mitochondrial morphology are present in skeletal muscle in both type 2 diabetes and in m.3243AϾG patients (40, 41) . Furthermore, insulin-resistant subjects predisposed to type 2 diabetes have been shown to share some similarities with the m.3243AϾG patients, such as low activity of the respiratory chain enzymes, especially that of Complex I, in skeletal muscle (36,40 -42) . Interestingly, a deficiency in Complex I activity increases free radical production (43), which has recently been shown to impair insulin signaling in mice (44) . Finally, it has recently been shown that insulin resistance predisposes to the early onset of diabetes in patients with a primary defect in insulin secretion (45) . Therefore, regardless of its etiology, insulin resistance might contribute to the very high penetrance of diabetes in patients with m.3243AϾG (16) .
Previous cross-sectional studies have suggested that insulin secretion is impaired in patients with m.3243AϾG and diabetes, even if the response to arginine and glutamate is preserved (19, 20, 24) . One OGTT study has previously included more m.3243AϾG carriers than the present study (20) . It demonstrated that the IGI was decreased in seven m.3243AϾG carriers with normal glucose tolerance. However, in other studies, defects in insulin secretion have not been found (22, 23) . We found an inverse relationship between ␤-cell responses and the m.3243AϾG mutation heteroplasmy. Lack of heteroplasmy data in previous studies may thus explain the apparently contradicting results in OGTT studies in m.3243AϾG patients. Processes such as oxidative stress, impaired protein synthesis, and altered autophagy are common in other organs affected by this mutation (43, 46) . The onset age of diabetes in patients with m.3243AϾG may be determined by a combination of the mutation load and the degenerative processes leading to a further decrease in ␤-cell function or mass. Interestingly, a reduced ␤-cell number along with absence of apoptosis has been reported in the pancreatic tissue of patients with m.3243AϾG (47) .
It has been proposed that the impaired ATP production due to the m.3243AϾG mutation in ␤-cells is followed by failing K ϩ channel opening that leads to decreased insulin secretion in response to the glucose (38) . Low redox state, low mitochondrial membrane potential, dysfunction of mitochondrial NADH shuttles, and low complex I activity could have a similar effect on glucose sensing and insulin secretion (48) . The dysfunction in glucose sensing may explain the correlation of insulin secretion with tissue heteroplasmy. However, it fails to explain why none of our subjects were diabetic in their early lives. It has been claimed that impaired fatty acid ␤-oxidation in mitochondria may lead to inappropriate storage of triacylglycerols in the cells and increased free fatty acid and glucose levels in circulation. The following toxicity in tissues including the ␤-cells could then induce a decline in the ␤-cell function in these patients (46) . Some of these hypotheses could partly be compatible with our data and the previous observations on progressive ␤-cell dysfunction, but they are based on data obtained from in vitro studies and need more proof of evidence in clinical studies.
Metabolic effects of mtDNA mutations affecting the respiratory chain have been poorly characterized, although several studies have implicated the role of mitochondrial dysfunction in skeletal muscle insulin resistance, in insulin secretion, and in the pathogenesis of type 2 diabetes (7,13). Our results show that both the skeletal muscle insulin sensitivity and the ␤-cell function are affected already before the overt diabetic state develops in patients with the m.3243AϾG mutation.
